the prepared master cards into strips of defined length and width. After the test sample is applied, it flows along the nitrocellulose membrane (NCM) via capillary action, on which it encounters a colored agent, e.g., gold conjugate, and continues through the zones containing immobilized capture reagents. Depending upon the analytes present in the sample, the gold conjugate can become bound at the test line. Free gold conjugate is also bound to control line. Providing that the test procedure is correct, the control line is always visible. If no colored capture line or only a red color on the test line appears, the strip is invalid, and the test should be repeated using a new strip (Song et al., 2011; Tripathi et al., 2012) . The test result is positive when both the test and control lines attain a red color. Although there are many reported LFAs for E. coli detection, most of them were prepared using various sizes of gold nanoparticles (GNPs) and capture reagents that need a strip reader and also have time-consuming steps, such as signal or enzyme enhancement, PCR amplification, complex conjugation procedures, fluorescence labeling (Huang et al., 2016) , and further incubations (Cho et al., 2015; Song et al., 2016a; Aissa et al., 2017) . Besides, recognition of E. coli is generally reported to detect it alone even in medium or buffer (Terao et al., 2013; Bruno, 2014; Suria et al., 2015) . However, its detection in multiple bacterial mixtures is important to see the specificity and selectivity of the developed LFA, as bacteria do not live alone in their environments.
The objective of this study was to report the ideal parameters needed for GNP-based LFA strips to be used quickly, with the naked eye, in the analysis of E. coli O157:H7 when it is alone or present with multiple bacteria.
Materials and methods

Chemicals and reagents
Immunoglobulin G (IgG), affinity-purified antibody (Ab) to E. coli O157:H7 and heat-killed E. coli O157:H7, and V. cholera-and S. typhimurium positive control cells were obtained from KPL (İstanbul, Turkey) . Sample/absorbent pads, conjugate pads, and NCM (M240, M180, M120, M075) were purchased from Millipore (Burlington, MA, USA). HAuCl 4 .xH 2 O was purchased from Sigma (St. Louis, MO, USA). A NanoDrop 2000 UV-Vis spectrophotometer (Thermo Scientific; Waltham, MA, USA) was used to obtain spectra from GNPs and conjugates. Transmission electron microscopy (TEM; 2100 F 200 kV TEM, JEOL, Peabody, MA, USA) was used to analyze the size and shape of synthesized GNPs. A multiscan plate reader (Thermo Scientific) was used to obtain spectra from gold conjugates.
Synthesis of gold nanoparticles
GNPs were synthesized according to the citrate-reduction method (Turkevich et al., 1951; Kimling et al., 2006) by making slight changes (Afonso et al., 2013) and conjugated with E. coli Ab. The pH value of the colloidal gold suspension was adjusted with K 2 CO 3 and HCl. In brief, 500 mL of 0.01% HAuCl 4 .xH 2 O was boiled and 1% sodium tricitrate was added (Huo et al., 2006) to the solution. After the color of the solution changed from black to reddish in approximately 2 min, it was allowed to further boil for about 10 min to complete the reduction before filter sterilization. Subsequently, it was cooled and 0.05% sodium azide was added, followed by measuring the UV-Vis spectra for determining the λ max of the synthesized GNPs.
Bioconjugation and characterization of GNPs
To make a gold conjugate with E. coli Ab, the pH of GNPs was first adjusted to 6.3, 8.00, 8.5, and 9 .00 in 96-well plates. Then 40 µg/mL of Ab as a final concentration was added to the GNPs. After incubation, the absorbance value was read at λ max . The stability and polydispersity constant of the GNP/Ab complex was evaluated by obtaining the ratio of absorbance at λ max :580 nm and 600 nm:λ max (Englebienne, 2000) , respectively, after adding 10% NaCl to the solution. The optimal pH value was determined according to the graph and also by viewing the displayed color of the mixture, which had to be the same as the originally synthesized GNPs' red color. The minimum protein concentration desired for coating the GNPs was determined by adding Ab in concentrations of 5, 10, 15, 20, 25, 30, 35 , and 40 µg/mL to make final concentrations of each well. The absorbance value at λ max was read after incubation and 10% NaCl solution was added to each well; subsequently, the readings were retaken at λ max .
To prepare a conjugate, dialyzed Ab at the predetermined concentration was added to 10 mL of GNPs. Then it was allowed to incubate for 1 h before stabilizing the solution with 1% BSA and 0.01% PEG. After 5 min of stirring, the mixture was incubated for 1 h and then centrifuged for 30 min at 4 °C. The supernatant was carefully discarded and the pellet was resuspended in 0.01 M PBS buffer containing 1% BSA and 0.01% PEG and it was centrifuged twice. Finally, the GNP/Ab complex was dissolved in a resuspension buffer (RB, pH 8.0). UV-Vis spectra were obtained after the bioconjugation of GNPs/ Ab and the conjugate was stored at 4 °C for the next use. The Table contains information about the prepared GNPs with/without Ab.
Designing of lateral flow strips
To start with, NCM was adjusted to different widths (0.4, 0.5, 0.6, and 0.7 cm) by cutting the membrane to see the appropriate width for strip development. Then the optimal distances between the capture lines were also determined by immobilizing the reagents at different remoteness. Assembling of the strip components (sample pad, conjugate pad, and absorbent pad) was made by 2 mm of overlap on NCM, manually. The reagents in capture zones were immobilized by using a pipette tip. For the negative test, either a solution of naked GNPs was loaded on the conjugate pad or nontarget bacteria were loaded on the sample pad. The strips were washed with 1X PBS in a volume of 50 µL once for 5 min, if desired. The sample was loaded onto a sample pad in a volume of 100 µL during the experiment. To make a comparison, one of the prepared strips was also dipped into 200 µL of target bacteria in a test tube.
Optimization parameters of developed lateral flow strips
The sample pad was soaked with the sample pad buffer (1X PBS containing 0.1 M NaCl, 0.2% Tween 20, 0.1% sodium azide) and allowed to dry. Stock concentrations of E. coli Ab and IgG were prepared in PBS. Then they were spotted on the capture zones as a test and control line, respectively, with the desired concentrations. The conjugate pad was prepared by applying a mixture of 100 µL of GNP/Ab conjugate and 200 µL of conjugate pad buffer (20 mM sodium borate containing 2% BSA, 3% sucrose, 0.6 M NaCl, 0.2% Tween 20, 0.1% sodium azide) onto a 7-cm fiberglass membrane and labeled as conjugate A. Then it was allowed to incubate at 37 °C for 1 h. To make a comparison of conjugate solutions on the pad, 2-fold serially diluted conjugate A was loaded on the conjugate pad and labeled as conjugates B and C, respectively. M240, M180, M120, and M075 membranes were evaluated to find the best membrane type for the test platform. Different cell densities of the target bacteria (10 6 , 10 5 , 10 4 , and 10 3 ) were loaded in 100 µL to determine the limit of detection (LOD) of the study. All experiments were done in triplicate using different batches of synthesized GNPs and GNP/Ab conjugates to verify the reproducibility and repeatability of the results.
Results and discussion
Synthesis of gold nanoparticles and conjugation with antibodies
The size of the synthesized spherical GNPs was 36 nm. The λ max of GNPs was 526 or 524 nm, as expected ( Figure 1 ). They were homogeneously distributed and reproducibility of the synthesis step was consistent. Stability was also high, with a slight shift of approximately 2 nm (524 nm) in λ max that could be seen a few months after synthesis.
In the labeling process of the GNPs, the pH of the coupling mixture plays a significant role. Ionic bonds can occur between GNPs that have negative charges over a wide range of pH values and a partially protonated protein at a suitable pH. Figure 2A demonstrates the stability and polydispersity of GNPs conjugated with E. coli O157:H7 Ab at different pH values after the addition of salt. Gold conjugates are the least polydispersed and the most stable at a pH of 8. This result is expected, because making a conjugation of GNPs in the range of 5-60 nm with Ab is generally possible at pH values between 8.00 and 9.5 (Mikawa et al., 2009; Safenkova et al., 2010) . Figure 2B depicts the λ max decrease versus the amount of E. coli Ab. Adding a low amount of Ab to the GNPs caused particle flocculation, characterized by a blue-gray color. This is the result of reducing electrostatic repulsive charges between the particles in the presence of high concentrations of electrolytes. Increased Ab enhanced the stability of GNPs, and it became constant after the concentration of 15 µg/mL Ab. However, 35 µg/mL Ab was used to coat the GNPs, since the red color intensity of conjugates is the same as the naked GNPs and no agglomeration occurred after adding salt to the solution. In addition, the optimum amount of Ab can also be the concentration that produces a minimal decline in absorbance at λ max after the addition of salt. Results were similar to those of the studies by Ang et al. (2012) using 22 µg/mL and Zhao et al. (2010) using 30 µg/mL Ab to coat 40-nm GNPs. Our findings were also comparable to the study by Suria et al. (2015) , who defined an optimal amount as 12.0 µg/mL E. coli O157:H7 Ab for 40-nm GNPs. This might occur as the Ab coating on GNPs may be varied because of the structural properties of Abs. The minimum Ab for coating those sizes of GNPs was generally reported as high concentrations, such as 40 or 150 µg/mL, in the literature (Shi et al., 2008; Mikawa et al., 2009; Tripathi et al., 2012; . Comparatively, this study made use of lower Ab concentrations for 36-nm GNPs. After determining the optimal pH and Ab concentration, flocculation was not observed with the addition of high levels of salt. This means that the optimum amount of adsorbed Abs can confer stability to the GNPs by preventing aggregation, and they can be used for developing test strips.
Figures 3A-3F demonstrate the change in the UVVis spectra of GNPs with and without E. coli Ab. All the measurements were reasonable and peak shifting was observed after Ab or protein coating on GNPs, as expected, because the absorption of GNPs is changed by the proteins immobilized on the GNPs' surface. Briefly, E. coli Ab caused the increment of absorbance ( Figure  3F ) and prevented GNPs from flocculation. However, naked GNPs were agglomerated after centrifugation and their color changed from red to purplish in the absence of Abs ( Figure 3B ). Therefore, both the red color and the shift in the peak from 526 nm to 533 nm in the gold conjugate confirmed the bioconjugation process. The presence of proteins in the wash buffer showed high absorbance values between wavelengths of 200 and 280 nm ( Figures 3B-3F ), while the same was not observed in the naked GNPs ( Figure 3A) , as expected. Moreover, the intensity of the protein absorption at 280 nm increased after centrifugation ( Figures 3B, 3D, 3F ). This result is comparable with the reports of Zhao et al. (2010) and Zhang et al. (2012) , showing a decrease of the intensity of absorbance at 280 nm caused by removal of the excess unbound Abs or BSA after the centrifugal step. Excessive proteins could not be removed, but their presence in the conjugate solution had no negative effect on the test specificity and sensitivity. 
Designing of lateral flow strips
A schematic manufacturing diagram and the test principles of the LFA are shown in Figure 4 . The ideal width for strips was determined to be 0.4 cm, since the capture line is seen clearly in a short time. Although large strips have visible lines, they need high volumes of reagents and have slow flow. Also, if the control line was placed far away from the test line, capturing efficiency was significantly decreased. If both lines were immobilized close to the absorbent pad, the capturing was weak (data not shown). Therefore, both lines were spotted on the membrane with a distance of 0.5 cm and the initial point of the test line was adjusted to be 0.4 cm far away from the conjugate pad for further tests. The presence of added reagents on the sample and conjugate pad makes the sample suitable for interaction with the detection system. Briefly, adding a relatively high concentration of buffer salts to the sample pad can minimize variation by controlling the pH and ionic strength of the solution. Detergents (Tween 20) disrupt ionic and hydrophobic biomolecule-surface bonds and strip off loosely bound molecules in wash steps. Sodium azide is a general preservative to avoid microbial contamination and it keeps the solution for a longer period of time. Sugars also protect the conjugate when dried on the pad and aid in release.
In a noncompetitive binding assay, E. coli-specific Ab was immobilized onto part of the test line while IgG was on the control line without needing membrane blocking. The target bacteria were run into the sample pad and they reached the conjugate pad. After the interaction of target cells with gold conjugate, they flowed through the NCM and were captured on the test line via sandwich assay model by the capture Ab. The conjugate without the target cells was also captured on the control line. This resulted in a red band visualization caused by the accumulated GNPs. In the absence of the target, the gold conjugate bound only to the control line and the excessive unbound conjugates were absorbed by the absorbent pad. Although the shelf life of the strips was not evaluated in this study, the results showed that strips were in efficient working condition for 3 months.
Optimization of antibody concentrations in the capture zones
The amount of Ab is crucial with respect to the color intensity of lines caused by accumulated gold conjugates. Instead of using different couples and high concentrations of Abs for capturing on lines (Xie et al., 2014; Chen et al., 2015) , low concentrations of those reagents and usage of the one type of Ab will reduce the cost. Therefore, optimum Ab concentration on the test line was chosen as 0.15 µg/strip, since there is no significant difference compared to 0.21 µg/strip Ab ( Figure 5 , A1 and B1, A2 and B2). Figure 5 also demonstrates the results obtained after 5 min without a PBS wash (A1-E1) and results after 10 min with 1X PBS washing (A2-E2). Although the capture lines become visible clearly and sensitively in a very short time, the PBS wash showed further increase of the color intensity (A2-E2). Washing with PBS enhanced the flow of the retarded conjugate on the conjugate pad and allowed more conjugate to reach the capture lines. Thus, strips were applied by PBS wash for further experiments. Designed strips had no nonspecific binding with nontarget samples, and strips prepared with naked GNPs did not have any line or background signals in the capture zones as expected. Figure 6 also displays the different concentrations of antigoat IgG on the control line. The prepared conjugate had a good intensity on the control line with both 0.6 and 0.3 µg/strip IgG for naked-eye analysis. However, 0.6 µg/ strip IgG seemed better (A) and it was used for further test developments. When the Ab concentration decreased, the color intensity of lines (C) was weakened, as expected, since the lower number of loaded Ab interacted with lower conjugate particles. Thus, the amount of both conjugate and capture Abs was proportional to each other in terms of the line intensity. Figure 7 illustrates the efficiency of conjugate concentration loaded on conjugate pad. Briefly, conjugate A seemed to be the ideal one for developing the E. coli test strips because diluted conjugates caused decreased color intensity on both capture lines, even if they still had specificity on the strips (A, B, C). However, they did not show nonspecific binding with negative controls, e.g., PBS and Salmonella.
Optimization of conjugate solution on the conjugate pad
Comparison of the membrane types
The NCMs used in this study are hydrophobic and they were already blocked with some detergents and surfactants such as Tween 20, Triton X-100, glycerin, polyvinyl alcohol, polyvinylpyrrolidone, and polyethylene glycol by the manufacturer (Rapid Lateral Flow Test Strips, Merck Millipore). As a result, nonspecific bindings were not observed in this work. Thus, they are ready to use for developing LFA for bacterial detection without an extra blocking step. Figure 8 displays the detection of target cells when they are alone (A) and in a bacterial mixture (B-D) using four types of membranes. Although all of them have both lines, which means tests are positive for E. coli detection, the test line on the M075 membrane (D) was not clear. The flow time of the membranes also plays a significant role in development of the strip test. For instance, 7 min and 5 min was enough to see the results clearly on M240 and M180 membranes, respectively, while it took 2 min for both M120 and M075 membranes. This issue is clearly seen on the absorption pads of both M120 and M075, since they are red-colored with accumulated conjugate caused by rapid flow in a short time (C-D). Using special buffers for blocking the sample and conjugate pads is crucial to ensure clear band occurrence and effective flow. The sample pad buffer used in this work showed positive effects on flow. Increased sample volume resulted in decreased color intensity on the lines (data not shown), which is similar to the lack of signal growth in the test zone in sample volumes greater than 100 µL, as reported by Xu et al. (2009) . The reason may be that completion of the reaction between Ab and the antigen in a very quick time suffers from solid-phase sandwichbased LFA. Another reason might be the very high sample volume passing through the lines freely without interacting with immobilized capture agents (Xu et al., 2009) . On the contrary, flow is withheld when the sample is loaded in a volume of 50 µL. Although both M240 and M180 seemed to be ideal membrane types for E. coli test strips using 36-nm GNPs, M180 was used for further strip development because, compared to membrane M240, it has a short analysis time and an efficient release of conjugate along with target bacteria.
After deciding the ideal membrane type, E. coli O157:H7 was also detected in the bacterial mixture by developed strips even in the presence of high concentrations of other bacteria species (Figure 9) . When comparing the B1 and B6 strips, the efficiency of capturing in both zones was almost the same. This means that the presence of E. coli in other bacterial mixtures did not affect the test specificity and sensitivity. This result is important with respect to the specific detection of pathogens in their environment, as they live with various kinds of microorganisms in real life. Additionally, one of the prepared strips was dipped into the target bacteria in the test tube instead of droplet loading. There was no difference between two applications of the sample and the developed strips can be dipped (Figure 10 ). 6 Salmonella, and 3 × 10 6 V. cholera positive control cells were loaded in 100 µL of PBS. A mixture containing two types of bacteria was prepared using 3 × 10 6 V. cholerae and 5 × 10 6 Salmonella positive control cells in a total of 100 µL of PBS. A mixture containing three types of bacteria was prepared by 3 × 10 6 V. cholerae, 5 × 10 6 Salmonella, and 3 × 10 6 E. coli O157:H7 positive control cells in a total of 100 µL of PBS. Vib: V. cholerae, Salm: Salmonella positive control cells. Table. 3.6. Determination of limit of detection Figure 11 displays the LOD of E. coli O157:H7. The detection limit (C1) was 10 5 cfu/mL without incubation and signal amplification (Song et al., 2016b) , enzyme enhancement (Cho et al., 2015) , PCR amplification (Aissa et al., 2017) , and fluorescent (Xie et al., 2014) . The strips developed in this study had a lower LOD than the 10 6 cfu/mL detection limit recognized by immunochromatographic assay using 40-nm GNPs (Suria et al., 2015; Song et al., 2016a) . Some studies reported lower detection limits of E. coli O157:H7 when using conductimetric biosensors (MuhammadTahir and Alocilja, 2003) , microelectrode arrays (Radke and Alocilja, 2005) , electrochemical biosensors (Lin et al., 2008) , and multiplex paper strips (Hossain et al., 2012) . However, they are not easy or practical to use for quick detection and need a complex apparatus and further experimental steps that are not required in this study.
Further preparation steps for GNP synthesis (Zhang et al., 2015) are also not needed for lower detection in this work.
In conclusion, rapid and selective detection of E. coli O157:H7 was achieved by LFA with optimized parameters. These results will be helpful for various test developers in terms of the LFA parameters and using the point-of-care method for pathogen detection for different bacterial mixtures. Currently, the strips are being planned to be integrated in nationwide screening programs by our team.
